ABSTRACT Multi-echelon inventory control is the main form of the management of supply chain inventory, and it has been paid extensive attention by scholars because of its importance in supply chain management. Process industries, represented by metallurgy, petrochemical and pharmaceutical industry, have typical characteristics such as high investment, high costs, and high resource utilization, they play a key role in industrialization. In this paper, the simulation model of a multiproduct three-echelon inventory control system is established for the hybrid supply chain of the process industry. Based on the idea of control engineering, a feedback control law is designed for inventory control. Several mixed inventory control strategies were applied to the model. The proportional plus integral control algorithm is used to modify the inventory control strategies. Based on this simulation model, a simulation-based optimization method is applied to the three-echelon inventory control system. The results show that the reciprocal of total entropy ratio and customer satisfaction are optimized by the mixed inventory control strategies when the hybrid supply chain is affected by order uncertainty.
I. INTRODUCTION
The supply chain of process industry contains a lot of intermittent production processes, which is regarded as the discrete system triggered by order because of the long-time processing procedure. The sales are considered as continuous system in that orders are available at any time and the processing time is relatively short. The supply chain, combined by these two parts, is a typical kind of the supply chain model presenting the characteristics of the hybrid system. So far, the operation of discrete manufacturing industry has been widely studied by scholars in various countries [1] , which has further developed in theory, and many kinds of inventory control strategies have been practiced. There are less results on either hybrid supply chain or multi-echelon inventory control strategy of process industry, which is disproportionate to the development of process industry.
Compared with the discrete manufacturing industry, the production of the process industry has the characteristics of mass intermittent production, and its supply mode has more complex influence on the downstream enterprises. Therefore, it puts forward higher requirements for the inventory control of the downstream enterprises. At the same time, a large number of uncertain factors affect the hybrid supply chain of the process industry, as well as the discrete manufacturing industry. With the rapid development of RFID [2] and blockchain [3] technology, the operation data of supply chain is more and more reliable, which improves the feasibility of the optimization algorithm. So we use the reciprocal of total entropy ratio(RTER) as the measurement of uncertainty, and optimize the synthesis performance of hybrid supply chain under control of several strategies by Simulation-based Optimization(SBO).
The outline of this paper is as follows: Section 2 provides a detailed coverage on the aspect of SBO that applied in this paper, and the motivation of using control theory in inventory control. Section 3 introduces the simulation model and inventory control strategies in MATLAB/SIMULINK. Performance indices are introduced in Section 4, together with simulation-based genetic algorithm. Section 5 provides the simulation results of 14 strategies. The conclusion is given in Section 6.
II. LITERATURE REVIEW A. SIMULATION-BASED OPTIMIZATION
The analytical method cannot effectively solve all of the complex problems in multi-echelon inventory system with uncertainties. The simulation method is the ideal tool. But it is not an optimization method, and cannot guarantee the optimal solution or satisfactory solution to these problems. So it is necessary to combine simulation and optimization technology to optimize the system, i.e. SBO.
Since Arnold and Köchel [4] first applied the SBO method to solve complex inventory control problems in 1996, many researchers have used it to solve a great deal of multi-echelon inventory problems. Wan et al. [5] built an SBO framework to analyze a three-stage divergent supply chain under uncertainties, which included deterministic optimization, simulation and discrete optimization modules. Chiadamrong and Piyathanavong [6] presented a combination of analytical and discrete-event simulation models to deal with the SBO problem. Ding et al. [7] developed an application system for an enterprise group in the textile supply chain based on SBO, and it can evaluate, design and improve the supply chain network.
Köchel and Nieländer [8] built a five-echelon inventory system, used genetic algorithm(GA) as optimization algorithm. They minimized the total cost with optimal order point and order quantity(s, Q) by SBO method. Then Kämpf and Köchel [9] studied the optimization of production batch and order, and obtained the optimal inventory control strategy with system uncertainty in the same way . Jiang and Hu [10] combined GA with a stochastic inventory simulation model to solve the inventory control strategy of (r,Q) and (s,S). Daniel and Rajendran [11] used the simulation-based GA method to optimize the inventory control strategy of a serial supply chain, and compared the results with the optimal solution obtained by the enumerated method. Chu et al. [12] proposed a SBO framework for solving multi-echelon inventory problems with (r, Q) control policy, and used the Monte Carlo method to estimate uncertain parameters.
Many researchers concerned on taking the output of simulation as the evaluation function of optimization algorithm in SBO when they solved the optimization problem that the evaluation function cannot be expressed analytically. Genetic algorithm has the advantages of parallel search and it shows superiority in solving nonlinear or discrete problems. Mele et al. [13] , Ray and Tomas [14] , Yuan [15] and Farzanegan and Vahidipour [16] embeded the simulation module into GA to solve the optimization problems. Simulated annealing(SA) algorithm can jump out of the local optimal solution probability and reach the global optimum ultimately. It is widely applied in engineering [17] , [18] . Abdelsalam and Bao [19] use SA algorithm based on simulation to solve the problem of shortening the product development cycle. Particle swarm optimization(PSO) had been widely applied to solve the real optimization problems [20] , [21] . Prasannavenkatesan and Kumanan [22] combined PSO algorithm and simulation methods in designing the supply chain sourcing strategy, which achieved two goals, i.e. minimum total cost and most reliable supplier delivery. Güller et al. [23] used multi-objective PSO algorithm to optimize the inventory control parameters, and realized the minimum inventory cost and maximum service level.
In this paper, we adopt SBO to improve the customer satisfaction and depress the uncertainty, by using the results obtained from the simulation model in MATLAB as the fitness value of GA, used as optimization algorithm.
B. APPLICATION OF CONTROL THEORY IN INVENTORY COTROL
Supply chain logistics and information flow transmission is a time series model. It is a good choice to use the control theory to analyze the material balance in supply chain. Some scholars likened the inventory control system of supply chain to the level control system [24] , [25] , adopted various advanced control methods to solve the uncertainty in the inventory system, and improved the flexibility and stability of supply chain.
Jay and Daniel introduced the control theory to the inventory management problems. They proposed internal model control and model predictive control(MPC) methods combined with the feedforward-feedback control under the change of inventory target and customer order [24] . Riddalls and Bennett [27] developed expressions and formulas based on control theory, and designed controller to implement inventory control strategy. Dejonckheere et al. [28] and Towill et al. [29] reduced the amplification of demand information, namely ''bullwhip effect'', by means of transmission analysis and filtering.
Ge and Huang [30] proposed an order policies selection approach based on the H ∞ guaranteed cost computation which combined the genetic algorithm and linear matrix inequality. Liu et al. [31] used multivariable MPC to optimize the decision variables in the supply chain. The PID control strategy was adopted to improve the predictive control effect. Martin et al. [32] introduced MPC to the three-echelon supply chain of semiconductor industry under the requirement of six nodes, two products demanding network. Wang and Rivera [33] used the idea of MPC in the inventory control problem in semiconductor manufacturing industry. Xu et al. [25] studied a two-echelon supply chain model in time domain and frequency domain on the basis of stability analysis, and obtained the order-upto strategy by the minimum variance criterion to minimize the operation cost. Lin et al. eFFectively suppressed the bullwhip effect by implementing a proportional integral or a cascade inventory position control and synthesizing the controller parameters properly [34] , and then used minimum variance inventory control to the single node system from two different setpoints [35] . Maestre et al. [36] studied the 54216 VOLUME 6, 2018 two-point supply chain with distributed MPC, but their methods couldn't be extended to system with more than two nodes. Perea-López et al. established a three-echelon three-product supply chain model [37] , and applied MPC to optimize the target function related to economic performance indices under random demand [38] . Alessandri et al. [39] derived the minimum maximum optimal problem combined with MPC to solve the inventory control problem of multi-echelon multi-product distribution network. However, an optimal inventory control strategy of hybrid supply chain in process industrial has not been provided by these literatures.
In this paper, we propose a feedback control law in inventory control according to classical control theory, and use PI control algorithm to modify the gain coefficients of each inventory control strategy to obtain highest customer satisfaction and global certainty of three-echelon supply chain.
III. SIMULATION MODEL A. MODEL DESCRIPTION
In this paper, we build a multiproduct three-echelon hybrid model for the hybrid supply chain of process industry, with construction similar to that considered in Perea-López et al. [37] , and with different parameters and inventory control strategies.
The simulation model of the supply chain consists of a manufacturing plant, a distribution network, and three customers with different products orders. The plant produces three kinds of products in one line, i.e. only one product can be processed at a time. Each product has its own processing time, production batch and production cost.
The definitions of variables and notations in sales are shown in Table 1 .
The product logistics in the hybrid supply chain inventory control system are accumulated before being delivered, and the balance of inventories in node i is:
The order information in the hybrid supply chain inventory control system is accumulated before being processed, and the balance of orders in node i is:
The delivery of node i is calculated according to the following two situations. If the inventory of node i is sufficient to fulfill all the orders from downstream nodes, the delivery is calculated according to the orders:
If the inventory of the node i is not sufficient to fulfill all the orders, it will be assigned to each downstream node according to the ratio of the order to the total order: The simulation model of hybrid supply chain is established in MATLAB2016a, (1) and (2) are realized in Fig. 1 , and (3) and (4) in Fig. 2 .
B. INVENTORY COTROL STRATEGY
The operation of a single enterprise is likened to a single tank, the delivery is equivalent to the flow rate, and the inventory the water tank level. The downstream order is treated as the varying setpoint of the delivery control(DC), and the upstream delivery as the control variable, as shown in Fig. 3 . The block diagram of inventory control(IC) is shown in Fig.4 .
Because we apply several basic kinds of inventory control laws, the decision-making department(point line frame) can choose one input signal or several combinations, as the role of generalized controller in control system.
1) BASIC INVENTORY CONTROL LAW
Law 1: The order quantity of node i to its upstream node is the appropriate multiple of the difference between the maximum inventory and current inventory:
Where K 1 i is proportional gain for product node i, and the superscript ''1'' represents the serial number of this law. The following definitions are the same.
Law 2: The order quantity of node i is the appropriate multiple of the total orders to be processed in node i:
Law 3: The order quantity is the appropriate multiple of the difference between the total orders to be processed and the current inventory. This law can ensure that the node has enough material to fulfill existing orders, which treats the total order amount to be processed as the varying setpoint of inventory, analogous to follow-up control.
Law 4: In CONstant-Work-In-Process(CONWIP) control law [40] , [41] , the circulation card returns to the beginning of the supply chain and pulls the products into the sales when the product is delivered to customers:
Law 5: According to the principle of feedback control law, the order quantity is the appropriate multiple of the difference between the total orders to be processed and the total delivery from node i. This law ensures the node track delivery, fulfill the orders efficiently(properly), and improve the customer satisfaction:
2) MIXED INVENTORY CONTROL STRATEGY
We design several mixed inventory control strategies for the three-echelon inventory control system of hybrid supply chain based on the previous control laws. In the simulation model, the inventory of warehouse is greatly affected by the intermittent supply of the production plant. The dynamic characteristics of the distributor and retailer are similar, which are different from that of warehouse. Therefore, we adopt the same control laws in distributors and retailers when designing the mixed strategies. The basic inventory control laws, selected by each enterprise node in the mixed strategy are shown in Table 2 . For example, warehouse takes law 3 as inventory control law, and distributors and retailers take law 1 as inventory control law in the 7th strategy.
We will optimize the supply chain performance under the basic control laws and the mixed control strategies by SBO.
C. PI CONTROL ALGORITHM
The Proportional-Integral (PI) control is the most widely used controller algorithm in practice. It can eliminate system errors, and is widely used in control systems on flow, pressure, and liquid level. In hybrid supply chain, customer satisfaction is often regarded as the measurement of service level, which indicates that the difference between order and delivery should be sufficiently small. So we adopt PI control in the inventory control strategies to improve the steady state performance and the overall stability of hybrid supply chain.
54218 VOLUME 6, 2018 Where K P is the proportional gain, K I the integral gain, j is the serial number of control laws. And e (t) is the system error, it equals the difference between two items in the bracket, respectively, for law 1, 3, 4 and 5. While for law 2, e (t) equals to the sum of orders.
IV. DESIGN OF SIMULATION-BASED OPTIMIZATION A. PERFORMANCE INDICES
We define the following indices to compare the performance of different inventory strategies:
1) CUSTOMER SATISFACTION
This index provides information on the ability to fulfill orders on time. It is the proportion of customer orders fulfilled by retailers. CS is evaluated as follows:
Where CS k is the average satisfaction of customers with product k, and λ k is the weighting factor of product k.
2) TOTAL COST
Total cost(TC) is composed by three parts, production cost(PC), storage cost(SC) and transportation cost(TRC):
Where PC k is the production cost of product k, while SC and TRC are independent from product category.
3) RECIPROCAL OF TOTAL ENTROPY RATIO
The concept of entropy came from thermodynamics and was originally used to represent the probability of the thermal state of matter. With the development of information theory and probability theory, it is defined as the measurement of disorder or chaos. The information entropy defined by Shannon quantifies the possibility of all variables in the desired state, which describes the uncertainty of data and solves the difficult description problem on information. Raj applied the concept VOLUME 6, 2018 of Shannon entropy to minimize the complexity of decentralized supply chain, and quantified the uncertainty of supply chain network with time series data [42] .
Where p i indicates the probability of a variable being in the desired state or in-control state. The order placed to the supplier is considered to be in the desired state whenever it lies within the interval
is the variance of orders received by node i about product k, and µ k yi is the mean value of orders placed by node i to its upstream node about product k. If this probability is 1 or 0, E = 0, otherwise E is positive. We define RTER as in (15) to represent the overall certainty of hybrid supply chain for the convenience of subsequent synthesis optimization as in (17) . The lower the uncertainty of hybrid supply chain, the higher the RTER, as shown in Fig. 5 .
Where E d,i is the desired state of inventory of node i, and E u,i is the undesired state of inventory of node i. We adopt the optimization problem as in (16) by the above definitions of performance indices.
Where α is the weighting factor according to the market environment, e.g. if the supply is sufficient, we can raise α to be more competitive than other competitors and vice versa. Customer satisfactions are generally around 0.9, while the certainties are generally around 0.3, so we use alpha = 0.3 in order to make their contribution to the objective function close. 
B. SIMULATION-BASED GENETIC ALGORITHMS OPTIMIZATION
The 14 inventory control strategies of three-echelon hybrid supply chain are optimized respectively by the combination of SBO and GA. The flow chart is shown as Fig. 6 . All the strategies are divided into two categories. Strategies No. 4, 12, 13, and 14, which adopt control law 4 (CONWIP) with two proportional gains to be modified, belong to the second class. The other strategies belong to the first class.
The initial population of the GA is generated first, which has 30 chromosomes composed by the following sectional genetic code in binary form. Each chromosome in the first class strategies has three gene segments, which represent the proportional gains of inventory control strategy in each echelon respectively, i. In the algorithm used here, the parameters are set as follows. The size of the population is 30, the maximum generation is 200, the probability of crossover is 0.9, and the probability of mutation is 0.1. The roulette wheel method is used to select the parent chromosomes, i.e. the higher the chromosome fitness is, the greater the probability of being selected. If the maximum fitness value of offspring population is less than that of parent population, the chromosome with minimum fitness value in offspring population will be replaced by the chromosome with maximum fitness value in the parent population, to ensure the inheritance of the best genes. For the first class strategies, we adopt one-point crossover respectively according to the randomly generated three bits in each chromosome segment, as shown in Fig. 7 , the same as the crossover in six segments in the second class strategies.
V. SIMULATION RESULTS
We apply a step disturbance with initial value of [8 9 5] and magnitude of [8 9 5] as the unexpected orders of customer, and superimpose a colored noise signal, obtained by the white noise filtered by 1/(1-0.6z −1 ) [35] , as in (17) to analyze the uncertainty controlling capability of each inventory control strategy.
Where ξ is the white noise signal that follows the standard normal distribution. We use colored noise signal because of the interaction of random orders caused by market changes.
The two performance indices, highest fitvalue and control gains from best chromosomes are listed in Table 3 (A), and the other three parameters of strategies No. 4, 12, 13 and 14 are listed in Table 3 (B). The variation of fitness value of each strategy is shown in Fig. 8 . Three best strategies with the highest fitvalues are No.6, 13, and 14, and their total costs are shown in Fig. 9 .
Inventory control law 1 is good for keeping high customer satisfaction, and law 4 is good for keeping high supply chain certainty. Hybrid supply chain cannot obtain good behavior when law 5 is used alone, but can get better performance when law 5 is replaced by law 4 in warehouse. The combination of inventory control laws can improve the performance of hybrid supply chain.
VI. CONCLUSIONS
The simulation based GA method can realize the comprehensive optimization of customer satisfaction of the hybrid supply chain by modifying the inventory control parameters in finite genetic evolution generations. The feasibility and effectiveness of the simulation based GA optimization method are verified in inventory controlling under order uncertainty.
The distributors and retailers can improve the response speed of the system with higher service level and stability by following the FBC law to track logistics. At the same time, the total cost of the supply chain operation is reduced by decreasing the inventory. Therefore, the mixed strategy of CONWIP/FBC is of the best choice for supply chain operation.
In our future work, we will include TC in the optimization problem to reduce the operational cost of hybrid supply chain of process industry.
